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SUMMARY

Ball milling of 304 stainless steel powder in ammonia, nitrogen, and argon
gas was carried out to investigate the nitrogenization and structural
development of 304 stainless steel. The powder was milled by the
Universal High Performance Ball Mill and the milled powder was
characterised by X-Ray Diffraction Analysis, Combustion Analysis, and
Differential Thermal Analysis techniques.

Milling powder in ammonia gas resulted in a nitrogen concentration
exceeding 7 wt.% after 122 hours of milling, more than the published
highest nitrogen

level,

6

wt.%

produced

by

high-pressure-high-

temperature (40-200 Mpa, 1000°C) diffusion processing. A nitrogen level
of 2.07 wt.% was obtained by milling powder in nitrogen gas for 6 hours.
Ball milling of 304 stainless steel in ammonia and in nitrogen gas provides
an alternative method for producing a nanostructural high nitrogen
stainless steel.

Thermal stability investigations show that after annealing the milled
powders at 1000°C, nitride precipitation occurs as the phases of (3-Cr2N,
p-Cr2N+CrN, CrN with increasing nitrogen concentration. The allotropic
transformation, y-Fe —> a-Fe —» y-Fe, was induced during milling 304
stainless steel powder in ammonia, nitrogen and argon gas. Fe3N formed
after milling powder in ammonia for 64 hours, and decomposed after
annealing at 530°C.
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C H A PT E R 1

IN T R O D U C T IO N

1

Commercial Ball Milling normally is a process whereby two or more powders
are blended, welded,

cold-worked, and fragmented repeatedly, resulting in

powders with a uniform atom distribution and a nanosize

or amorphous

microstructure. The result is often a material of nonequilibrium composition and
microstructures that can not be produced by conventional techniques [1].

High nitrogen stainless steels are becoming an increasingly important new class
of engineering materials because of their outstanding mechanical and chemical
properties. However, nitrogen-alloying offers a unique challenge since the
solubility of nitrogen in Fe-based alloys is limited at atmospheric pressure. The
manufacturing of

high-nitrogen-stainless steels is essentially based on

expensive high pressure processes. Therefore, alternative routes to make highnitrogen-stainless steels are becoming more and more necessary.

Reactive Ball Milling (RBM) has been developed recently to induce not only a
solid-solid reaction but a solid-gas or a solid-liquid reaction. It has been proved
to be a powerful technique for the metal nitride's synthesis. A number of metal
nitrogenizations have been successfully processed by milling elemental powders
in nitrogen gas or in ammonia gas, such as the synthesis of TiN and (Ti,AL)N
[ 2 ].

A universal high performance ball mill has been developed for the synthesis of
nitrides and nitrogenization and now is used for the nitrogenization of

304

stainless steel to obtain high nitrogen stainless steel. Unlike conventional ball
milling which is characterised by chaotic ball motion and inefficient and
uncontrolled grinding of the powders, the universal high performance ball mill
was designed to controll ball movement and it has different modes such as
Shearing Mode, Impact mode, etc. to be chosen according to different milling
requirements. In the present investigation, the shearing mode of ball movement
2

was chosen for the milling of 304 stainless steel in ammonia gas, nitrogen gas,
and argon gas.

In addition to making high nitrogen stainless steel, the investigation of phase
transformation, thermal stability,

and grain size evolution is important and

necessary since the chemical and mechanical properties of stainless steel are
determined by microstructure and chemical composition.

The intention of this study was, (1) to find a cheaper, simple alternative method
to make high nitrogen stainless steel, (2) to investigate the microstructural
evolution of 304 stainless steel during ball milling in reactive and nonreactive
gas atmospheres and (3) to study the thermal stability of the milled stainless
steel powders.

3

C H A PT E R 2

L ITER A TU R E R EV IEW

2.1 Ball milling

2.1.1 Introduction

The ball milling was first developed by Benjamin and coworkers at the
International Nickel Company Research Laboratories in the 1960s to coat fine
oxide particles with ductile metals, such as nickel and aluminium, in a highenergy vibratory mill [3]. Then the experiment was developed to disperse oxide
particles in a metal matrix to produce complex oxide-dispersion-strengthened
(ODS) alloys [4]. Attempts were made to inject nickel coated refractory oxide
particles into nickel based superalloys in an effort to produce an alloy
combining the benefits of oxide dispersion strengthening with gamma prime
precipitation hardening for high temperature applications.

Ball milling can be used to produce nanostructured materials. Recent interest in
nanostructured materials was stimulated by the research of Gleiter and
coworkers [5] on materials produced by the gas condensation/vacuum
compaction method. However, other techniques such as electrodepositing,
sputtering and thermochemical routes have been used. Among these methods,
Ball Milling has increasingly received significant attention. Ball Milling produces
nanostructures not by cluster assembly but by structural decomposition of
coarser grained structures.

Although the mechanisms of microstructure

formation during Ball Milling are very different from other synthesis techniques
starting from clusters or ultra-fine particles, the resulting microstructures are
similar. Furthermore, the quantity limitations in preparing nanostructured
materials by this method can be overcome and therefore the production of
nanocrystalline powders can be scaled-up to industrially relevant amounts.
5

Decreasing the grain size to the nanometre range leads to a large increase in the
number of grain boundaries or interface boundaries. By milling a number of
fee, bcc and hep pure metals, Fecht has found that the final energies stored in
these metals during Ball Milling largely exceed those resulting from conventional
cold-working of metals and alloys (cold rolling, extrusion etc.) [6].

Ball milling can be utilized not only to reduce crytallite size and make
nanostructured material but also to nitride material by milling powder in a
nitriding atmosphere. This milling process which can induce chemical reaction
among milled samples is normally called Reactive Ball Milling.

2.1.2 Reactive Ball Milling

The different ball milling processes can be accurately classified as either
reactive or nonreactive milling. Unlike nonreactive ball mill which the chemical
bonding between constituent atoms is not altered and thus the compositions of
the milled powders do not change, Reactive ball milling can cause a direct solid
solid, solid-liquid or solid-gas reaction. The latter reaction has been used in this
study.

Ball milling processes are characterised by the use of an enclosed chamber
which contains the processed powder and the steel balls. The key parameters in
the process are the impact speed and impact frequency of the balls on the
charge; these determine the mechanical energy transfer to the charge and hence
the type of deformation that will occur [7].

6

(b) horizontal Ball Mill

(a) attritor
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(c) vibratory Mill
Figure 2.1. (a) A vertical attritor mill in which hardened steel balls are driven
by a central impeller shaft, (b) a conventional horizontal ball mill for producing
large volumes of material[9]. (c) a vibratory mill ( or SPEX shaker) in which
the vial containing the charges is agitated at high frequency in three orthogonal
directions.

There

are

three

commercially

available

milling

configurations

(the

configurations are shown in Figure 2.1). The first, as shown in Figure 2.1.(a),

is the vertical attritor mill in which the ball and powder charges are held in a
stationary vertical tank and are agitated by impellers. This configuration is most
commonly used in the production of oxide dispersion strengthened superalloys
[8]. The second, as shown in Figure 2.1 .(b) is the conventional horizontal ball
mill which is used to produce large volumes of materials over longer milling
times. In this mill the charges are placed in a large drum which is rotated about
its central horizontal axis at a speed just slow enough to prevent the balls being
pinned to the internal wall of the drum [9]. The third configuration, as shown in
figure 2.1.(c) is the vibratory mill, or shaker mill, in which the charges are
placed in a small vial and agitated at a high frequency in a complex cycle of
motion. This form of ball mill is suitable for the use in laboratory applications
and is marketed as the SPEX mill.

The nature of the final product is depends on the type of milling device,
including the number and dimensions of balls, as well as the ball movement
pattern and the energy regime [7, 10]. Unfortunately these factors are highly
variable in the commercial mills described. Traditional powder metallurgy uses
attritors or ball mills to produce fine metallic powders by pulverisation of the
starting materials. This process is characterised by chaotic ball motion and
inefficient and uncontrolled grinding of the powders. In order to obtain a
homogeneous and reproducible product, good control of the milling process, in
particular,

control of ball movement is essential. None of the commercial

milling devices presently available have been designed with controlled ball
movement. A universal high-performance ball mill has been developed which
allows external control of the milling process. Unlike commercial ball mills, the
ball motion, impact velocity, impact direction, contact time and hence energy
transfer are close to identical for every impact [10]. The configuration of this
mill is shown schematically in Figure 2.2.
A variety of patterns of ball movement may be produced by this device
8

Figure 2.2 Universal High-Performance Ball Mill

As shown in Figure 2.3, the patterns are achieved by restricting the ball
movement using the magnetic field. The powder may therefore be worked
mostly by shearing (Figure 2.3(C)), by a combination of impact and shearing
(Figure 2.3(D)), or by impact (Figure 2.3(E)). The energy of impact may also
be controlled by the rotation frequency of the steel vial and the energy released
per impact is similar to that in commercial mills [10].

9

Figure 2.3 (A) Common mode in which ball movement
is similar to commercial mills, (B) chaotic mode, (C)
sharing mode, (D) intermediate mode, (E) impact mode.
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2.2 High nitrogen steel

2.2.1 Introduction

The interest in producing steels and alloys with N-contents in excess of the
solubility at atmospheric pressure dates back to the late fifties and early sixties
[11]. At that time, the interest was concentrated on the ability of nitrogen to
stabilize and increase the strength of the austenitic lattice when in solid solution
in austenitic type steel.
Research on high-nitrogen steels originally began in the 1960s in eastern
European countries and the former Soviet Union, primarily for military
applications. After the fall of the Berlin Wall, information began to flow from
the East to the West [12].

Laboratory scale tests on high nitrogen steels were carried out in the early 60s
[13] and a wide variety of high nitrogen steels were produced in a lab-scale
pressure induction furnace. The encouraging results then stimulated large scale
production. A pressure ESR plant for the production of 20T ingots with
1000mm dia. was commissioned in 1988 at Schmiedewerke Krupp-Klockner in
Essen [11].Two German firms, VSG Energieund Schmiedetechnik GmbH of
Essen and krupp VDM GmbH of Werdohl were investing heavily in research
and development as well as the commercialization of high nitrogen steels. VSG
planed to produce 15,000 tons of normal-pressure-type HNS and 2,000 tons of
high-pressure-type HNS [12] in 1995, a part of which was used to make HNS
bearings and other engine parts for Boeing for its B-777 airplane project.

11

High nitrogen stainless steels are becoming an increasingly important new class
of engineering materials and have been the subject of

four international

conferences.

They are steadily gaining recognition as a new type of steel that may eventually
replace some steels containing other alloying elements.

2.2.2 Beneficial effects of nitrogen in steel

Nitrogen exists in almost all steels. Under normal manufacturing conditions,
nitrogen has very small solubility (see Section 2.2.3), but it can exert large
effects. Detrimental effects are often associated with various embrittlement
phenomena. Therefore, during liquid steel refining processes, a lowering of the
nitrogen content in conventional steels is aimed for. However, nitrogen has a lot
of beneficial effects which are making nitrogen steels become an increasingly
important engineering material.
Alloying with nitrogen has many beneficial effects:

(1) Nitrogen is the most effective

solid solution hardening

element.

Substitutional elements which stabilize the Ferrite structure (W, Mo, V, Si, and
Cr) have a small positive effect on yield strength, while austenite stabilising
elements (Cu, Co,Mn, and Ni) have little effect( Ni has a negative effect ).
Interstitial elements increase the strength of austenitic stainless steels much
more than substitutional elements, and nitrogen is more effective than any other
interstitial elements [14].
(2) Nitrogen enhances grain size hardening

12

Nitrogen has a significant effect on grain size hardening. The grain size
dependence of the yield strength of nitrogen alloyed austenitic stainless steels
can be described by a Hall-Petch-equation:
O0.2 = <7r + kyD"1/2
The ky increases with increasing N content and therefore with higher nitrogen
contents the grain size hardening becomes stronger. Thus, the existence of an
important connection between N content and grain-size strengthening makes
the combined effect of nitrogen alloying and grain refinement very powerful in
achieving high yield strengths [15].
(3) Nitrogen is a strong austenite stabilizer thereby reducing the amount of
nickel required for stabilization. Due to its strong austenizing effect it offers the
possibility of replacing the expensive austenitic stabilizing element nickel in
austenitic alloys without sacrificing strength or corrosion resistance [11].
(4) Nitrogen reduces the tendency to form deformation-induced a'and 8
martensite [16].
(5) Nitrogen has greater solubility than carbon, thus decreasing the tendency
for precipitation at a given level of strengthening [17].
(6) Nitrogen is beneficial for corrosion resistance [18]. It not only has a
positive effect on the resistance of stainless steel to acids and stress corrosion,
but also to pitting corrosion and crevice corrosion.
(7) Yield and tensile strengths of high-nitrogen alloys can exceed those of
conventional AISI 200 and 300 series stainless steels by 200-300% in the
annealed condition without sacrificing toughness [19].
(8) Cold deformation can produce further increases in strength resulting in
materials with yield strengths above 2 GPa [20].
(8) Increased nitrogen concentrations can improve wear properties.

13
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2.2.3 Solubility of nitrogen in steels

The solubility of nitrogen in liquid Fe is only 0.045 wt% at 1600°C at
atmospheric pressure. This limit is a major obstacle to the production of high
nitrogen steels [21]. However, nitrogen solubility can be increased by increasing
the nitrogen gas pressure above the melt and through alloying additions or by
utilizing powder metallurgy techniques to produce nitrogenized materials or by
ball milling to alloy supersaturated nitrogenized materials.

High nitrogen steels are those in which nitrogen concentration exceeds its
standard solubility at atmospheric pressure. An austenitic stainless steel should
be considered “high-nitrogen” if it contains more nitrogen than can be retained
in the material by processing at atmospheric pressure. For most austenitic
materials, the limit is about 0.4 wt% and for ferritic materials, it is about
0.08wt%N [20]. Recently, a pressurized gas atomization system capable of
producing stainless steel powders with nitrogen concentrations in excess of 1
wt.% has been developed [22]. Nitrogen levels approaching 6 wt.% have been
produced in Fe-18Cr-18Ni powder by high pressure-high-temperature (40200Mpa, 1000C) diffusion processing in a nitrogen atmosphere using a hotisostatic-pressure furnace [23]. James C. Rawers and Randy C. Doan obtained
nitrogen levels in excess of 1 wt.% in pure Iron and in excess of 2 wt.% in an
Fe-2A1 alloy after 100 h of ball milling [24].

2.2.4 Methods and limitations of manufacturing high nitrogen
steels
Some of the methods implemented or proposed for use in producing high
nitrogen steels include :

14

1. High Pressure Melting

1) Hot-isostatic-pressure(HIP) melting,

For the Hot-isostatic-pressurized induction furnace, nitrogen is generally
introduced into melt via gas dissociation and nitrogen pick-up
at the gas-melten interface. Although melting in a HIP furnace at pressures up
to 200 Mpa has produced materials with nitrogen contents approaching 4wt.%,
this method is limited to producing research-scale materials.

2) Melting in pressurized induction furnace

A primary concern with large scale production using high pressure induction
melting is the inherent safety risks involved in dealing with a large volume of
liquid metal highly supersaturated with nitrogen with respect to atmospheric
pressure.

3) Melting in a pressurized plasma furnace

In plasma-arc remelting, nitrogen is supplied to the liquid metal in atomic form
by dissociation of the nitrogen gas in the plasma arc. Possible advantages of
this approach are that very low levels of impurities are obtainable and high
nitrogen concentrations can be achieved without the use of nitrogen-containing
alloy additions.
However, ingot segregation, both transverse and longitudinal, are the severe
problems. Such segregation is attributed to process related temperature
fluctuations in the molten metal pool.

4) Pressurized electroslag remelting (PESR)
15

Commercial production of high-nitrogen steels is currently accomplished using
a PESR furnace capable of producing 20 ton ingots under a maximum N 2
pressure of 4.2 Mpa. In PESR, the N 2 pressure above the melt only serves to
keep the desired amount of nitrogen in the molten metal. This method which is
to continuously feed granulated high-nitrogen additives FeCrN (8-10 wt.%N),
CrN (4-10 wt.%N), Si3N 4 (25-30 wt.%N) into the slag is the most cost
effective method of N alloying.

5) Nitrogen gas purging

Nitrogen gas purging of liquid metal, proposed by Holzgruber [11], is very
similar to the PESR technique except that nitrogen could be added to the melt
without using nitrided compounds. One of the primary concerns with using
nitrogen additives is the effect of the additive on the overall melt composition.

2. Powder metallurgy
Some methods to produce high nitrogen steels by using powder metallurgy
techniques include:

1) Pressurized gas atomization

Nitrogen can be added during gas atomization by backfilling the melt chamber
with nitrogen gas and or by using nitrogen as the atomizing gas. Utilizing
nitrogen as the atomizing gas was not especially effective in nitrogenating
powders due to the short time the molten metal stays in the gas stream [23].
Attaining a high nitrogen concentration in the melt, prior to atomization, requires
melt chamber pressurization as in high-pressure melting.
2) High-Pressure High-temperature diffusion
16

High nitrogen concentration can be obtained by high-pressure-high-temperature
diffusion processing in nitrogen atmosphere. 6 % wt.N has been attained in Fe18Cr-18Ni powders at 1000°C and 40-200 MPa by this method [23]. However,
economic considerations limit the depth of surface nitriding of solid materials to
approximately 10 to 100 mm, the diameter of most metal powders.

3) Nitriding in a fluidized-bed reactor or rotating furnace

As in the diffision method, solid-state nitriding of powders can be accomplished
in a reactive atomsphere by using a fluidized-bed reactor or rotating furnace and
the same limitation applys: the economic problem of the depth of surface
nitriding.

4) Reactive Ball Milling

Ball Milling is a repetitive impact process which results in deformation, cold
welding, and fracture of powder particles between hardened grinding balls.
Currently, there are two methods to make high nitrogen steels by ball milling.
One is milling in a nitriding environment which results in nitrogen levels well
above the solid-solubility limit of the materials. Rawers and Doan milled pure
iron and Fe-2A1 in nitrogen gas, by bleeding approximately 2 litres of nitrogen
gas per minute through the attritor tank. They obtained nitrogen levels in excess
of 1 wt.% and 2 wt.% separately, after lOOh of milling [24].

However, this

method needs longer milling time to obtain particular nitrogen concentrations
and is not suitable for obtaining very high nitrogen concentrations.

Another method is milling a mixture of steel powder with nitride powder. Foct
and Mastorakis reported that high nitrogen steel was made by milling a mixture
of 316 stainless steel and g^ Fe 4N powders [25]. However, they did not report
17

the nitrogen concentration they obtained. Nitrogenization by his method is
dependent on availability of large amounts of expensive low stability nitride
powders, such as YFe4N,£Fe 3N and £Fe2N.
In the present study, a recently designed Universal High-Performance Ball Mill
(see Section 2.1.2) was used to overcome the limitations of conventional high
nitrogen manufacture methods.

2.2.5 Thermal stability of high nitrogen stainless steel

One of the benefits of nitrogen alloying in Fe-Cr-Ni stainless steels is the higher
solubility of nitrogen, compared to that of carbon [17]. This enhanced solubility
of nitrogen allows for higher total interstitial concentrations, and therefore a
greater degree of solid solution strengthening. The nitrogen solubility limit is
determined by the equilibrium between the matrix and nitrides. When nitrogen
concentration is above this limit, the alloy is susceptible to nitride precipitation.

Although high levels of interstitial nitrogen can be retained in high-nitrogen
austenitic stainless steels, they are thermally unstable and susceptible to nitride
precipitation at temperatures between approximately 600 and 1050°C [26]. The
kinetics of precipitation are highly composition and temperature dependent.
Nitride precipitation generally occurs at grain boundaries, by discontinuous
(cellular) precipitation, and for some alloys, transgranularly within the matrix.

Although alloys in which all of the nitrogen is present interstitially in solid
solution exhibit an extremely high combination of strength and toughness, they
are susceptible to nitride-induced embrittlement. The presence of grain
boundary and cellular nitrides has a serious detrimental effect on plasticity

18

during the dynamic straining of impact testing, and a less, but significant, effect
on tensile ductility [23,27]. Holm et al.[28] attributed the loss in fracture
toughness observed in a cold worked, Fe-19Mn-18Cr-0.06C-0.58N high
nitrogen steel, aged at temperatures between 500 and 800°C, to the formation
of grain boundary and cellular M23(CN)6 and (CrFeMn)2N precipitates.
Simmons et al. [23,27] determined the effects of isothermal aging at 700°C and
900°C on & 2N precipitation characteristics and the room temperature tensile
and impact properties of an Fe-19Cr-5Mn-5Ni-3Mo-0.02C-0.7N alloy. Nitride
precipitation had very little influence on the yield strength and ultimate strength
of the material, but significantly reduced material plasticity and resulted in
embrittlement under uniaxial and impact loading.

It is well known that nitride precipitation has detrimental effect on plasticity, but
in other hand, it also has a beneficial effect on oxidation resistance. The use of
nitride precipitation for grain grain size stabilization in a 18Cr-20Ni austenitic
stainless steel for high temperature application in oxidizing atmospheres had
been studied by McDowell & Basu [29]. In order for the alloy to maintain
superior oxidation resistance, it must sustain a fine grain size by virtue of
effective grain boundary pinning by stable precipitates.

2.2.6 Applications
Industrial applications where high-nitrogen austenitic stainless steels may be
utilized include the power-generating industry,

ship

building, railways,

cryogenic processes, chemical equipment, pressure vessels, and the petroleum
and nuclear industries. There are several attributes which makes the use of
high-nitrogen austenitic stainless steels favourable compared to the more
conventional alloys. Some of these are (1) high yield and tensile strength and
ductility, (2) high strength-fracture toughness combination, (3) high stain
19

hardening potential, (4) resistance to deformation-induced martensite formation,
(5) low magnetic permeability, and (6) favourable corrosion properties.

A few of the specific applications where high nitrogen steels are either being
applied or considered for use are:
(1) Bolt materials for high-strength and high-temperature applications in which
YS values in excess 900 MPa are required.
(2) Bearings, rolls, and dies. A German firm, VSG Energieund Schmiedetechnik
GmbH of Essen planed to produce 15,000 tons of normal pressure-type HNS
and 2,000 tons of high-pressure-type HNS [30] in 1995 and was supplying
HNS bearings and other engine parts to Boeing for its B-777 airplane project.
(3) Superconducting magnet housings which require structural alloys that can
withstand the large magnetic force of superconducting magnets, have low
potential for martensite formation, high elastic moduli, low thermal and
electrical conductivities, and excellent fracture toughness

at cryogenic

temperature [31].
(4) Wire rope, springs, ski edges, and railroad wheels [20]. At present, one of
the primary commercial applications for high nitrogen austenitic steel is for
retaining (end) rings which are shrink fitted into position over each end of the
generator rotor to hold the end windings in-place on electrical generators [32].
The power generator retaining rings are required to have high Ys(>1000 Mpa),
adequate ductility, high strain hardening potential, low magnetic permeability,
and favourable stress-corrosion and pitting resistance [33].
(5) Nitriding-containing tool steels with an exceptional resistance to wear and
corrosion, made by the solid phase method (powder and thin sheets method)
[30].
(6) Machine controls and counterfeit-proof check cards. Steelmakers may
apply solid-state nitrogen-alloying to specific areas of the steels’s surface, such
as in modifying the nitrogen content at the surface of a micro structure.
20

Conversely, mills also can remove nitrogen from targeted areas of the surface
by laser or electron beam. Through the local escape of nitrogen, ferromagnetic
spots can be created in an austenitic matrix. Steel made by this processes could
contain information and be used in products such as machine controls and
counterfeit-proof check cards [30].
(7) A new nitrogen-alloy stainless steel-Alloy 33- has been produced to make
plate and tube exchangers, pressure vessels, and other equipment for the
chemical-process industry [30]. This alloy is highly resistant to mineral acids,
mixed acids, alkaline solutions, and chloride-bearing waters.

The limitation of producing high nitrogen steels, owing to the low nitrogen
solubility in liquid iron-based alloys at atmospheric pressure, has been overcome
through the use of pressurized-melting technologies. Alloys with nitrogen
concentrations exceeding 1 wt.% can be commercially produced. However,
production of high nitrogen steels via powder metallurgical routes, especially
Reactive Ball Milling, is technically possible and economically attractive since
the total solubility of nitrogen in stainless steel is higher in the solid state than in
the liquid state and capital expenditures are much lower for ball milling than for
high pressure melting technologies.

21

C H A PT E R 3

EX PE R IM E N T A L PR O C ED U R E
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3.1 Milling in ammonia

3.1.1 Sample preparation
In present study stainless steel - AISI 304 (Fe/Crl8/Nil0) powders were used
as the starting milling materials. This commercial stainless steel powder,
supplied by Goodfellow Cambridge Limited, England has max. particle size of
45 micron. A universal high performance ball mill was used to mill the powder.
A low energy shearing mode was chosen so that the powder structural
evolution would be slower and therefore more easily examined. Four large steel
balls of 25 mm diameter were used. Milling periods were scheduled as 1 hour,
2 hours, 4 hours, 6 hours, 12 hours, 24 hours, 64 hours, and 122 hours for the
first set of milling experiments to investigate nitrogenization and allotropic
transformations, as well as crystallite size evolution. A second milling period of
24 hours was performed to confirm the correctness of the results in the first
set. The third set of milling period of one week was run to study the thermal
stability o f the new phase Fe 3N.

About 8 grams new 304 stainless steel

powder was carefully meseaured and put into the vial (mill chamber) before
each milling start. All O-ring seals of the vial and valve were cleaned with
solvent and then was coated with sealing oil. The vial was cleaned mechanically
and then with solvent. It was loaded with about 8 grams of stainless steel
powder and 4 large steel balls and then pressurized to 600 kPa with ammonia
gas. In order to minimise oxygen contamination, the vial was purged with
ammonia gas at least four times prior to milling.
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3.1.2 Universal high performance ball mill
A universal high performance ball mill (as shown in Figure 2.2) was used in the
present study. This ball mill is a planar type mill which consists of a hardened
steel cylindrical vial with ferromagnetic steel balls and high-field FeNdB
permanent magnets. The cylindrical vial can be highly sealed by O-ring rubber
seals so that high pressure gas can be filled without any leakage. High-field
FeNdB permanent magnets were used to produce an adjustable external field.
Ball movement during milling is controlled by changing the intensity and/or the
direction of the field. This enables the selection of both milling energy and
milling modes. The shearing mode was chosen in the present investigation. One
magnet was utilized and put just under the rotating cylinder (at the lowest point
of rotation) and as close as possible to the outside of the vial so that the largest
pulling force could be generated.

3.1.3 X-ray diffraction

The structure of each milled powder sample was examined using X-ray
analysis. X-ray diffraction patterns were recorded on Philips diffractometer
coupled with a Philips X-ray generator (PW 1730). The radiation used was
CuKoc (1 = 0.1542 nm) at operating parameters of 20 mA, 40 kV, speed 2
deg/min and step size 0.02 deg.
X-ray diffractograms were taken in the range 20 from 10 - 110 degrees.
Analysis of the diffraction output was carried out using computer software
written by Sietronics. For an accurate measurement, the powder was mounted
on a special single crystal sample holder. The approximate average crystallite
(grain) size was calculated from the half-width at half maximum (FWHM) of
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each selected Bragg peak. The FWHM values were calculated by the computer
software TRACES developed by Diffraction Technology Ltd. (Canberra,
Australia).

Two approaches to estimating crystallite size were used. The first one was a
simple Scherrer formula:
0.9 X

° “ (AFW HM)

where D is the crystallite size, jl is the wavelength of X-ray radiation and
DFWHM is determined by TRACES by subtracting the FWHM of the
unbroadened peak of a standard sample from the FWHM of the broadened
(calculated) peak (milled powder). This approach takes into account the
instrumental broadening.
The second approach was the IntegralBreadths method (IB method). Assuming
that the integral breadth is approximately equal to DFWHM the folowing
equation describes both the broadening from the crystallite size and lattice strain
broadening

(A F W H M )2 _ Q.9 X r (AFW HM)

tan2© 0

D

i |1CC2

tan© 0 sin©0

where © is the position of the analyzed peak maximum. Any available orders of
a given reflection can be used to constract a linear plot of (AFWHM)2/tan©o
against (AFWHM)/tan©o sin©o. From the slope 0.9^/A and ordinate intercept
16£2, the crystallite size D, and distortion parameters (strain), £, in a direction
normal to the diffraction planes may be determined. In this work, the strongest
peaks were used.
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3.1.4 Combustion Analysis
Combustion Analysis was carried out at the Australia National University to
determine the concentrations of nitrogen, hydrogen and carbon. The method
that was used in the analysis is CE 1106. Both as-milled powder samples and
annealed ones were tested.

3.1.5 Differential Thermal Analysis
Differential thermal analysis was used both to anneal samples to certain
temperatures and to analyse heat evolution and thermal stabilities. Analysis was
carried out at the Electronic Materials Engineering Department, Australian
National University. The samples were annealed in argon atmosphere with a rate
flow of 50.00 ml/min.
In the continuous heating mode a heating rate of 20.0°C/min was used.

3.2 Milling in nitrogen gas

3.2.1 Sample preparation
Ball milling (8g charge) was performed in a universal high performance ball mill
using a low energy shearing mode, as described in Section 3.1.2.

Four large

steel balls of 25 mm diameter were used and high purity of nitrogen gas was
filled to a pressure of 600 kPa for the first set of milling experiments and 400
kPa for the second set. The first set was for durations of 1 hour, 2 hours, 6
hours, 24 hours and 64 hours and the second for 122 hours only. Other
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procedures were as same as these for the sample prepared for milling in
ammonia (see Section 3.1.1).

3.2.2 Powder characterisation
The powder was analysed by X-ray diffractometry, combustion analysis and
differential thermal analysis, as described in Sction 3.1.

3.3 Milling in argon gas

3.3.1 Sample preparation
The starting material was 304 (Fe/Crl8/Nil0) stainless steel powder of Max.
particles size of 45 micron. Ball milling was performed in a universal high
performance ball mill in the same mode as for milling in ammonia and nitrogen
gas. Four large steel balls of 25 mm diameter were used and high purity of
argon gas was filled to a pressure of 600kPa. The milling periods were
scheduled as 1 hour, 2 hours, 6 hours, 24 hours, and 64 hours.

3.3.2 X-ray diffraction
The powder was analysed by X-ray diffractometry as described in Sction
3.1.3.
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4.1 M illin g in am m onia gas

4.1.1 Combustion analysis
Combustion analysis of the nitrogen concentration of the as-milled powders
milled in ammonia gas for various times in the first set of milling indicated that a
steady increase in nitrogen content occurs as milling proceeds as shown in
Fig.4 .la.

Fig.4.1 Nitrogen concentration (wt.%) of (a) the
as-milled (b) the annealed powders milled in
ammonia gas as a function of milling time
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At early stages upon milling, the nitrogen level increases slowly, but after 64
hours milling, the nitrogen concentration increases sharply and upon further
milling it increases slowly again. A final nitrogen level of 7.23 wt.% was
obtained after 122 hours of milling. The variation in contents of the powder
unmilled and milled in ammonia gas after different milling times is shown in
Table 4.1.

Table 4.1 Nitrogen, hydrogen and carbon content of powders unmilled and
milled in ammonia for various times, as detected by combustion analysis

(typical experimental accuracy is +/- 0.02%)

N o.
1
2
3
4
5
6
7
8

M ¡ling Time
( hours)
0
1
4
6
1 2
2 4
6 4
1 22

N itrogen
( w t.% )
0
0
0
1
2
2
6
7

.34
.65
.70
.95
.03
.19
.37
.23

Hy drogen
( wt. %)
0
0
0
0
0
0
0
0

.00
.1 1*
.1 1*
.00
.11*
.00
.00
.00

The hydrogen could be detected in the samples (No. 2, 3, 5) that were analysed
within one week of milling. The concentration appeared to have no change
(0.11 wt.%) as a function of milling period. However, There was not any
hydrogen remaining in the milled powders (Sample No. 1, 4, 6, 7, 8) which
tested until two or more weeks after milling.

Combustion analysis of the powders milled for 6 h, 24 h, 64 h and 122 h and
then annealed at 1000°C shows that at early stages upon milling, the nitrogen
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level increases slowly. The nitrogen concentration in annealed powders has no
much change compared to that in as-milled powder before 24 hours of milling.
After 64 hours of milling, the nitrogen concentration increases sharply and upon
further milling it increases slowly again. The increase of nitrogen level with
milling time is shown in Fig.4 .lb. However, the nitrogen concentration of the
samples milled for 64 h and 122 h respectively, decreases after DTA annealing
compared to that of the as-milled samples milled for the same times, as shown
in Fig.4 .lb.

4.1.2 X-ray diffraction
X-ray diffraction of the as-milled powder

(b)

F ig .4 .2 X-ray diffraction patterns of 304 stainless steel

before and after various periods of milling in ammonia.
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X-ray diffraction patterns of 304 stainless steel powder before and after various
periods of ball milling in ammonia are shown in Fig.4.2. The patterns were
edited in the range 20 from 30 to 110 degrees. No phases were detected below
30 degrees and the computer progam can not edit too large X-ray files.

The starting powder was a commercial 304 stainless steel powder. The pattern
of the as-prepared material ( 0 h ) is consistent with a fee (face centred cubic)
structure with miner amounts of bcc (body centred cubic). The latter is
believed to be associated with initial production of 304 stainless steel powder.

Some of the more noteable trends in Fig.4.2 are as follows: It is clear that the
intensity of all reflections of the y-Fe lattice decrease and of a-Fe lattice
increase with increasing milling time in NH3 up to 4 hours milling. The
reflection intensities associated both y-Fe and a-Fe undergo no obvious change
between 4 hours and 12 hours milling. However, after 24 hour of milling the
intensities of the y-Fe reflections increase and those of a-Fe reflections
decrease. To confirm this, a new powder was loaded and milled for 24 hour
under the same milling conditions. The two experimental results (Fig.4.3)
appeared the same.
After 64 hours of milling, reflections consistent with a new phase - Fe3N appears. Meanwhile, the (11 l)y and (110)a

reflection, (220)y and (112)a

reflection can not be distinguished any more. All other reflections except

(200)a have disappeared. After 122 hours of milling, The X-ray diffraction
patterns do not change significantly except that the (100)pe3N, (lll)y and
(1 10)a reflections broaden and start to overlap.
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Fig.4.3 X-ray diffraction patterns of 304 stainless steel
after 24 hours of milling in ammonia.

X-ray diffraction of the annealed powder
The X-ray diffraction patterns of 304 stainless steel powder annealed at 1000°C
after various periods of ball milling in ammonia are shown in Fig.4.4. For the

33

reasons mentioned earlier, the patterns were only edited in the range 28 from 30
to 110 degrees. The results show that the intensities of the reflections
associated with p-Cr2N decrease and those of CrN increase gradually with
milling time. In the sample milled for 6 hours and then annealed at 1000°C
additional reflections occur in the background of the y -Fe. These are consistent
with two new phases, P~Cr2N ( hexagonal structure ) and CrN ( cubic
structure ). However, the CrN reflections are so week that only the (220) peak
can be detected, indicating that there is only a small amount of CrN. After 64
hours of milling and then annealing, all the P-Cr2N reflections have disappeared
and the intensities of CrN reflections become stronger. There is no indication of
further structural change after prolonged periods of milling.

* - Y-Fe
X

- P-Q-2N

Milled 6 hours
and annealed

O

IS

Milled 24 hours
and annealed

—A—

s

Milled 64 'hours
and annealed
#
#

-A-____

Milled 122 hours
and annealed

—A .... .

30

T
50

s
F ig .4 .4 X-ray diffraction patterns of 304 stainless steel

annealed after various periods of milling in ammonia.
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X-ray diffraction of the as-milled and annealed powder
prepared by milling the sample in ammonia gas for one week

Fig.4.5 X-ray diffraction of the as-milled and annealed
powder prepared by milling the sample in ammonia
gas for one week.
To obtain more information about the new phase Fe 3 N, the sample milled for
one week was annealed in argon gas for different temperatures and then
examined by the X-ray diffractometer method. The X-ray diffraction patterns
of as-milled powders and those of annealed for different temperatures are
shown in Fig.4.5.
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The X-ray analysis of the sample annealed at 450°C indicates no change in the
(100) reflection of Fe 3 N after annealing compared with that of the unannealed
sample. However, in the sample annealed at 530°C the (100) Bragg peak nearly
disappeared.

*

4.1.3 Crystallite size analysis
Due to the reduction of the crystallite size, the Bragg peaks become broader
upon milling. In this work the crystallite (grain) size was calculated by both
simple Scherrer formula and the IB method. Figure 4.6 shows a plot of
crystallite size (Scherrer and IB method) (a) and lattice'strain (b) vs. milling
time.

,

Fig.4.6 The variation of (a)crystallite size and (b) lattice strain (of 304 stainless,
steel milled in ammonia) as a function of milling time.
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Fig.4.6 The variation of (a)crystallite size and (b) lattice strain (of 304 stainless
steel milled in ammonia) as a function of milling time.

It can be seen that the calculated size decreases strongly with increasing milling
time up to 6 hours of milling. Upon further milling the crystallite size tends to
saturate at a value of 2-4 nm.

4.2 Milling in nitrogen gas
4.2.1 Combustion Analysis
Combustion analysis of the powders milled in nitrogen gas under a pressure of
600 kPa for 6 hours shows that a nitrogen level of 2.07 wt.%, which was little
higher than that obtained for the sample milled in ammonia gas under the same
milling conditions (1.95 wt.%). However, all the powder sticked to the balls and
the vial after 64 hours of milling. Combustion analysis of powder specimens
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taken from the surface of the balls showed a nitrogen level of 1.44 wt.% and a
hydrogen level of 0.13 wt.%. Milling the powder in nitrogen gas under a
pressure of 400 kPa for 122 hours under the same conditions only resulted in a
nitrogen concentration of 0.72 wt.%.
Combustion analysis indicated that hydrogen was below detectable levels in the
samples milled under a nitrogen gas pressure of 600 kPa for 6 hours and of 400
kPa for 122 hours.

4.2.2 X-ray diffraction
X-ray diffraction patterns of 304 stainless steel powder before and after
various periods of ball milling in nitrogen gas under 600 kPa pressure
are shown in Fig.4.7.
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Fig.4.7 X-ray diffraction of 304 stainless steel before and after various periods
of milling in nitrogen gas under 600 kPa pressure.
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Fig.4.8 X-ray diffraction patterns of the powder after
milling in nitrogen gas under 400 kPa pressure for 122
hours and the annealed powder after milling.
The pattern of the as-prepared material ( 0 h ) is consistent with fee. The
diffraction patterns show that the intensities of all reflections of y-Fe decrease
and of a-Fe increase with increasing milling time. However, after 24 hour of
milling the intensities associated with y-Fe reflection increase and those
associated with a-Fe decrease. On the basis of XRD, this phase transformation
appears similar to that induced by milling powder in ammonia gas at the same
milling conditions.

X-ray diffraction patterns from the powder after milling in nitrogen gas under
400 kPa pressure for 122 hours, and from the same milled powder after
annealing are shown in Fig.4.8. After 122 hours of milling, all end product
reflections are indexed as y-Fe reflections and all peaks became broader. The
diffraction patterns also indicate that nitride precipitation and other new phase
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formation after 1000°C DTA annealing are below detectable limits. All reflection
peaks became narrow after annealing.

4.2.3 Crystallite size analysis
On the assumption that the major sources for Bragg peak broadening in the ball
milled materials are small crystallite sizes and the distortions within the
crystallites, the size of the crystallite can be estimated from the x-ray diffraction
patterns by means of the Scherrer equation, as described in Section 4.1.3. The
x-ray diffraction pattern from the starting powder was used as a standard to
correct for instrumental broadening. In the analysis, three reflections were
used. The obtained average crystallite size is plotted in Fig.4.9 as a function of
milling time.
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Fig.4.9 The variation of (a) crystallite size and (b) lattice strain
of 304 stainless steel
milled in nitrogen gas as a function of milling time.

It can be seen that the estimated average crystallite size decreases strongly with
increasing milling time up to 6 hours of milling. Upon furthe milling the
crystallite size tends to saturate at a value of 2-3 nm.

4.3 M illin g in argon gas
4.3.1. X-ray diffraction
Typical X-ray diffraction patterns of 304 stainless steel powder before and after
various periods of ball milling in argon gas under 600 Kp pressure are given in
Fig.4.10.
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2-Theta Degrees
Fig.4.10 X-ray diffraction patterns of 304 stainless steel powder
before and after various periods of ball milling in argon gas
With increased milling time in argon gas, the intensities of all reflections
associated with y-Fe (fee) decrease and those associated with a-Fe (bcc)
increase initially. However, after 24 hours of milling this trend is reversed and
the intensities of the y-Fe reflections increase while those associated with a-Fe
decrease. Meanwhile, the width of all the reflections increases upon milling.

4.3.2 Crystallite size analysis

Milling time (h)
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Milling time (h)

Fig 4.11 The variation of (a)crystallite size and (b) lattice strain (of 304
stainless steel milled in argon gas) as a function of milling time

Assuming the broadening of the diffraction peaks is ascribed to the reduction of
the crystallite size, the crystallite size can again be calculated using methods
described in previous chapters. The average crystallite size obtained (See
Section 4.1.3) is plotted in Fig.4.11 as a function of milling time. The average
crystallite size decreases rapidly with increasing milling time up to 6 hours of
milling and approaches a steady state value of about 2-3 nm upon further
milling.
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5.1 Production of high nitrogen stainless steel
From the combustion analysis of the powders milled in ammonia and in
nitrogen gas it is clearly shown that ball milling 304 stainless steel powder in
ammonia and in nitrogen gas can induce nitrogenization.

Surface induced dissociation of molecular ammonia must play an important role
in surface-related reactions. During milling the powder in ammonia gas,
impacting and shearing not only plastically deform the particles and bring the
matrix interior to the surface but also dissociate the ammonia molecules into
nitrogen and hydrogen ions. The monatomic nitrogen has high chemical
potential and can penetrate and diffuse in the solid lattice at low temperatures.

The milling process generates a large number of new, rough surfaces which are
freshly exposed to ammonia molecules. The newly exposed surface is
presumably highly reactive to dissociated nitrogen. Nitrogen ions adhere to the
fresh surfaces, and subsequently are incorporated into the matrix when the
particles cold-welded together. The continual creation of new, rough surface
may substantially enhance the absorption of nitrogen and reaction of ammonia.
However, the precise mechanism by which nitrogen absorbs on metal surface
during milling is not clear. The locally increased temperature during milling is
believed to enhance the absorption and reaction. Although the role of surface
stress, plastic deformation and defect creation and migration on nitrogen
diffusion and reaction is not understood, the driving force must be associated
with them to account for the high degree of intermixing and reaction which
take place at such low temperature.

This study shows that the nitrogen concentration increases with increasing
milling time and a nitrogen level of 7.23 wt.% was obtained after 122 hours
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milling. This level is higher than the 6 wt.% nitrogen concentration produced in
Fe-18Cr-18Ni

powders

by

high-pressure-high-temperature

(40-200MPa,

1000°C) diffusion processing in a nitrogen atmosphere using a hot-isostaticpressure fumacem [23] and much higher than the 1 wt.%N produced by ball
milled pure iron in nitrogen gas in a commercial attritor [24].

The combustion analysis results of the powders milled in ammonia (Fig.4.1(a))
are consistent with the XRD work (Fig.4.2). During the first stage, before 24
hours of milling, the nitrogen level increased slowly because now the powder
only existed as a solid-solution according to XRD analysis. After 64 hours of
milling, the nitrogen concentration increased sharply because a new phase Fe 3N
formed. Nitrogen concentration increased slowly again upon further milling
after 64 hours because no other phase changed during further milling and
milling only increased the solubility of the solid-solution.

As for milling in ammonia gas, when milling the powder in nitrogen gas,
nitrogen adheres to the newly exposed fresh surfaces, dissociates, and then is
entrapped in the metal matrix and diffuses into cells while these surfaces
become cold-welded during subsequent impact. Nitrogen that has been
dissociated is absorbed by metals (and subsequently reacts) much more rapidly
than in molecular form. The mechanism of nitrogen absorption during milling in
nitrogen gas is believed to be similar to that milling in ammonia gas. Milling
powder in nitrogen gas under 600 kPa pressure resulted in a nitrogen level of
2.07 wt.% after 6 hours of milling. This level appears slightly higher than the
1.95 wt.% N obtained in the powder milled in ammonia gas under the same
pressure after 6 hours of milling. However, further milling can cause powder
clinging to the balls and the vial, and therefore make it impossible to continue
milling. After 64 hours of milling, nearly all the powder was found to have had
adhered to the balls and vials, as shown in Fig.4.12(a). The combustion analysis
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of the sample filed from the ball surface indicated that 0.13 wt.%H and 1.44
wt.%N existed in the sample. The hydrogen was believed to be due to the
contamination associated with the powder from previous milling experiments in
ammonia.

powder

powder

powder

Fig.4.12 Powder sticked to the balls and vial during milling in
(a) nitrogen gas. (b) argon gas

Milling the powder in argon gas under 600 kPa pressure was investigated. The
result shows that powder sticks to the balls and vial after 64 hours of milling.
Fig.4 .12b

Milling the powder in nitrogen gas under a pressure of 400 kPa shows that no
powder sticks to the balls or vial even after 122 hours of milling. However, only
0.72 wt.% of nitrogen concentration was obtained. This indicates that milling in
the higher pressure nitrogen gas can obtain higher nitrogen concentration.

The powders milled in nitrogen gas and argon gas under 600 kPa were clinging
to the balls and vial, and in ammonia gas under 600 kPa and in nitrogen gas
under 400 kPa were not clinging to them. These results indicate that the
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“clinging” not only correlated to the gas pressure and presumably to the gas
density on powder particle surface but also to the gas nature itself. Higher
pressure can cause powder to stick to the balls or vial and dissociated ammonia
has anti-clinging effect during the milling. Milling in different gases the powder
has different clinging morphology. The powder covered the balls and the
bottom of vial evenly and smoothly during milling in nitrogen gas under 600 kPa
while all the powder accumulated and welded on the bottom of the vial like D
when milling in argon gas under 600 kPa pressure.

The “clinging” limits the manufacture of the high nitrogen steel by milling
stainless steel powder in nitrogen gas under certain pressure. Therefore, it
should be taken into account when alternative routes to make high nitrogen
steels are studied.

5.2 Allotropic transformation of 304 stainless steel induced by Ball
Mining.
During the study of making high nitrogen steel by milling 304 stainless steel
powder in ammonia, a phase transformation from y-Fe —» a-Fe -> y-Fe was
observed (Fig.4.2.). During first milling stage, a new phase a-Fe appeared and
phase transformation from y-Fe to a-Fe occurred.

The process of ball milling produced heavily strained crystallites on a nanometre
scale, and high density of structural defects was created [35] which ultimately
lead to an increase of stored energy of ball milled materials. It is well known
that a metastable phase tends to transform to a stable one under cold working.
The y-Fe ( f.c.c.) is a high temperature phase, and it is metastable at room
temperature. So it tends to transform to the room temperature phase a-Fe (b.c.c.)
under ball milling. The surprising result in the present work
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is that the

a-Fe —» y-Fe transformation occurred after 24 hours of milling. At first glance
this transformation appears to be caused by the nitrogen dissociated from
ammonia because nitrogen is a strong stablizer of y-Fe. To clear whether it was
induced by deformation or stablized by nitrogen we milled the powder in both
nitrogen gas and argon gas under the same milling condition as in the case of
milling in ammonia. The results show that the similar transformations occured
during milling in both cases (Fig.4.7. and Fig.4.10.). These results prove that
the transformation a-Fe —» y-Fe was caused by mechanical deformation not by
nitrogen stablization. Normally this transformation can occur only at higher
temperature. However, during ball milling plastic deformation introduced an
energy into the metal powder [6] and thus lowered the transformation
temperature.

5.3 Thermal stability of the milled high nitrogen stainless steel
The nitrogen solubility limit is determined by the equilibrium between the matrix
and nitrides. When nitrogen concentration is above this limit, the alloy is
susceptible to nitride precipitation. The results in this work (See Section 4.1.2)
clearly show that nitride precipitation occured after the as-milled high nitrogen
steel powders were annealed at 1000°C. This further proves the report from
J.W. Simmons [26] that high-nitrogen austenitic stainless steels were thermally
unstable and susceptible to nitride precipitation at temperatures between
approximately 600 and 1050°C. The kinetics of precipitation is highly
composition and temperature dependent. The X-ray diffraction patterns of the
powder milled in ammonia for 6 hours and then annealed at 1000°C clearly
show that hexagonal structure p-C ^N and a little cubic structure CrN have
formed on the background of y -Fe phase (Fig.4.4). Increasing milling time
causes increase in nitrogen concentration. With the decreasing of p-C ^N
precipitation, the CrN precipitation became more pronounced because cubic
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structure CrN is more stable than the hexagonal structure P -& 2 N. After 64
hours o f milling, nearly no p-C ^N could be detected and all the precipitated
nitride were CrN as shown in Fig.4.4.

5.4 Thermal stability of Fe3N
Fe 3N phase appeared during the milling of 304 stainless steel powder in
ammonia gas. However, few detail reports have been presented about the new
phase Fe 3N occurred during milling a stainless steel powder in ammonia up to
now. A preliminary investigation about the thermal stability of Fe 3N is very
necessary. The X-ray analysis result (Fig.4.5) indicates that Fe 3N is unstable at
530°C and decomposes after annealing, but there is no much change after
annealing at 450°C. After the decomposition of Fe 3N, the milled high nitrogen
stainless steel become a mixture of a solid solution of y -Fe and a-Fe.

5.5 Powder crystallite size
The combination results of crystallite size analysis of the powders milled in
ammonia, nitrogen and argon gas give a clear picture of the powder structure
change during mechanical-milling. In the first 6 hours of milling, a dramatic
destruction o f the crystallinity happened and 2-3 nm in size crystallites were
created. This indicates that a nanostructural stainless steel was formed. When
ball milling continues, no further crystallite size reduction was found because a
“reconstruction” stage appears and gives rise to a new high nitrogen mechanical
steel [25].

50

5.6 Retained Hydrogen
A number of observations suggest that hydrogen, resulting from the
dissociation of ammonia, is retained in the powder. Combustion analysis of the
powders milled for 1 hour, 4 hours andl2 hours (see Table 4.1.) clearly shows
detectable levels of hydrogen can be detected. It is possible that hydrogen was
incorporated into the powder during the milling process, perhaps as some
forms o f iron hydride, other element compound or iron solid solution. The
formation of titanium hydride during the milling of titanium in ammonia has
been reported [36]. However, combustion analysis of the powders milled in
ammonia and then put aside for a long time before analysis do not show
detectable hydrogen levels. This result may be due to the decomposition of
hydrated iron or hydrogen solid-solution and the resultant evolution of hydrogen
gas prior to combustion analysis.

On the basis of indirect evidence, the source of the hydrogen is believed to be
associated with the dissociation of ammonia gas during milling. No hydrogen
was detected in the powders milled in nitrogen and in the annealed powders
milled in ammonia. Furthermore, the fact that nitrogenation occured is
consistent with dissociation of the ammonia molecules during milling.

The presence of the phases related to hydrogen, in addition to y-Fe, a-Fe and
Fe 3N was not apparent from the X-ray analysis. This is not unusual, however,
since a compound consisting of elements and hydrogen would most probably
be in the form of a very fine structure, and so it would most likely produce a
diffraction pattern of very low intensity. It is possible that diffraction peaks
corresponding to a small amount of hydrated iron or other compounds
consisting of hydrogen are shrouded by the enhanced background in the traces
shown. Hydrogen can induce embrittlement. The presence of hydrogen within
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the powder suggests a suitable method to remove hydrogen should be
investigated. Vacuum annealing is a common way of overcoming this problem.

5.7 Further research
There is a wide scope for continued research on ball milling of 304 stainless
steel in ammonia gas, nitrogen gas and even in liquid nitrogen. Considerably
more work is required to optimise the milling process and to gain an
understanding of the structural development. Powder sintering should be
studied and mechanical properties examined. The effects of pressure on
nitrogen concentration, powder adhering to the balls and vial, and phase
transformations should be investigated.

Nitride precipitation is highly composition/temperature dependent. The effect of
nitrogen concentration on the thermal stability of the milled high nitrogen
stainless steel has been studied in this work, but temperature dependent factors
have not been investigated, and thus it should be addressed.

Retained hydrogen is a problem associated with the production of high nitrogen
steel by milling in ammonia gas and powder adhering to the balls and vail is a
problem associated with the production by milling in nitrogen gas. However, at
present it appears that no method can match reactive milling in ammonia as a
potentially simple and particularly cheep method of producing steel with
extremely high nitrogen levels. Therefore,

understanding the structural

development and optimising the milling process and milling methods are very
important and should be further studied.
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An investigation has been performed on the nitrogenization and structural
development of 304 stainless steel by ball milling in reactive (ammonia,
nitrogen) and nonreactive (argon) gas atmospheres using magneto-method. The
investigation has shown that reactive ball milling of 304 stainless steel in
ammonia and in nitrogen gas provides an alternative method for production of
high nitrogen stainless steel.

Milling of powder in ammonia resulted in a nitrogen concentration exceeding 7
wt.% after 122 hours of milling. Retained hydrogen was detected in the milled
powder shortly after milling but not in the milled powder put aside for a long
time (two or more weeks).

The investigation of the thermal stability of powder which was milled in
ammonia shows that nitride precipitation occured after annealing at 1000°C in
the forms of p-C ^N , P-C^N+CrN and CrN in increasing amounts with
increasing milling time and therefore increasing nitrogen concentration (More
milling time, more CrN compared with p-C^N).

Compared with milling in ammonia, similar nitrogen levels developed

when

milling powder in nitrogen gas in the early stages. However, powder began to
adhere to the balls and vial after 64 hours of milling

The allotropic transformation, y-Fe

a-Fe

y-Fe, occurred during milling

processes, in ammonia, nitrogen and argon gas as well. This transformation
was induced by mechanical deformation.

Fe 3N phase appeared after milling powder in ammonia for 64 hours, but it was
thermal unstable. It decomposed after annealing at 530°C

54

Up to 2-4nm crystallite size was obtained after 6 hours of milling in ammonia,
nitrogen, and argon and the size tends to saturate at above value upon further
milling. Therefore, a nanostructural high nitrogen steel was made.
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X-Ray traces
File name

Details

SN-0

unmilled SS powder

SN-11

SS+NH 3 milled for 1 hour, 600 kPa.

SN-12

SS+NH 3 milled for 2 hours, 600 kPa.

SN-13

SS+NH 3 milled for 4 hours, 600 kPa.

SN-14

SS+NH 3 milled for

SN-15

SS+NH 3 milled for 12 hours, 600 kPa.

SN-16-1

SS+NH 3 milled for 24 hours, 600 kPa.

SN-16-2

SS+NH 3 milled for 24 hours, 600 kPa.

SN-17

SS+NH 3 milled for 64 hours, 600 kPa.

SN-18

SS+NH 3 milled for 122 hours, 600 kPa.

SN-21

SS+NH 3 milled for

6

6

hours, 600 kPa.

hour, 600 kPa and annealed at

1000°C.
SN-22

SS+NH 3 milled for 24 hours, 600 kPa and annealed
at 1000°C.

SN-23

SS+NH 3 milled for 64 hours, 600 kPa and annealed
at 1000°C.

SN-24

SS+NH 3 milled for 122 hours, 600 kPa and annealed
at 1000°C.

SN-31

SS+NH 3 milled for one week, 600 kPa.
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SN-32

SS+NH 3 milled for one week, 600 kPa and annealed
at 450°C for 0.5 hour.

SN-33

SS+NH 3 milled for one week, 600Kp and annealed
at 450°C for 3 hours.

S(N2)-11

SS + N 2 milled for 1 hour, 600 kPa.

S(N2)-12

SS + N 2 milled for

2

hour, 600 kPa.

S(N2)-13

SS + N 2 milled for

6

hour, 600 kPa.

S(N2)-14

SS + N 2 milled for 24 hour, 600 kPa.

S(N2)-21

SS + N 2 milled for 122 hour, 400 kPa.

S(N2)-22

SS + N 2 milled for 122 hour, 400 kPa and annealed
at 1000°C.

S(Ar)-l 1

SS + Ar milled for 1 hour, 600 kPa.

S(Ar)-12

SS + Ar milled for 2 hours, 600 kPa.

S(Ar)-13

SS + Ar milled for

S(Ar)-14

SS + Ar milled for 24 hours, 600 kPa.

S(Ar)-15

SS + Ar milled for 64 hours, 600 kPa.

6

hours, 600 kPa.

ABBREVIATIONS: SS - 304 Stainless Steel
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File: a:\sn-15.cpi Date: 02-23-1997 Comment: SS+NH3 milled for 12h, 600Kp.
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160 File: a:\sn-16-2.cpi Date: 02-23-1997 Comment: SS+NH3 milled for 24h, 600Kp.
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File: a:\sn-17.cpi Date: 02-23-1997 Comment: SS+ NH3 milled for 64 h, 600Kp.
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File: a:\sn-33.cpi Date: 02-23-1997 Comment: SS+NH3 milled for one week and annealed at 530*c.
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